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Introduction 
 
 
 
The term catalysis was coined by the Swedish chemist Jöns Lakob Berzelius [1] 
around 1835 and is considered the acceleration of a chemical process induced by the 
presence of an additional substance. This is possible because a catalyst forms bonds 
with reactants, thus allowing these to react and give rise to products while leaving the 
catalyst in its original form. In this way it is possible to offer a more complex but at 
the same time energetically favourable and more rapid path to final products, reducing 
the activation energy of the process, hence resulting in an increased reaction rate. The 
catalyst does not modify the thermodynamics of a system but acts on its kinetics. This 
field can normally be subdivided into bio, homogeneous and heterogeneous catalysis. 
The first is the study of enzymes, which can be considered to be catalysts of nature. In 
the second case, the catalyst and the reactants are in the same phase. In the last case, a 
solid surface accelerates the reactions of molecules which are in gas or liquid phase. 
In this thesis, our interest is focused on the latter field. 
The importance of heterogeneous catalysis in chemical and related industries is well 
known. Approximately 90% of all chemical industry products are made using 
catalytic processes [2-4]. One of the first applications dates back to 1913 when Haber 
and Bosch, later awarded the Nobel Prize, discovered the possibility of converting 
nitrogen into ammonia by using an iron-based catalyst. Ammonia is used mostly as a 
fertilizer in agriculture but also in nitrogen-containing polymers such as polyamides, 
nylons or explosives (nitroglycerin). Catalysts play a crucial role in the abatement of 
environmental pollution in automotive and industrial exhausts. In fact, they are 
fundamental in converting nitrogen oxides (NOx), carbon monoxide, sulphur oxides 
(SOx), and many different organic compounds into less harmful species. Nowadays 
catalysts are also employed in a wide range of processes. For example, they are used 
in charcoal broilers in restaurants to decompose aromatic molecules, in industry for 
the removal of volatile organic compounds (VOCs), or in waste water streams for the 
decomposition of ammonia. In addition, they are essential in the development of 
efficient fuel cells, where hydrogen has become a potentially ideal fuel for the future 
because of its minimal impact on the environment. Finally, they are used in all 
processes involved in the conversion of crude oil, which is a mixture of many 
different hydrocarbons, into transportation fuels like gasoline, kerosene or diesel.  
Although it is evident that in today’s society this field of research has enormous 
economic impact, a detailed understanding of the underlying mechanisms in catalytic 
processes is still lacking in many cases. This is due to the considerable chemical and 
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structural complexity of real catalysts, which are usually powders composed of 
transition metal (TM) nanoparticles supported by oxide layers. These nanoparticles 
expose different facets, as well as defects like steps, kinks or missing atoms, which 
are considered to be the most reactive sites.  
In order to overcome the difficulties arising from the complexity of real catalysts, 
model systems, in which only certain structural or chemical features of a real catalyst 
are present, were studied in a well-controlled manner. With a surface science 
approach, experiments were performed in ultra high vacuum (UHV) in order to isolate 
the basic physical and chemical processes that are inaccessible under conditions 
which a chemical reactor usually works. Today, theoretical scientists use a similar 
approach, where computational simulations can be considered to be computer 
experiments [5]. Electronic structure calculations are mainly based on the Density 
Functional Theory (DFT) developed by Hohenberg, Kohn and Sham in 1960 [6,7]. 
Although some limitations still exist, these calculation methods are able to reproduce 
accurately experimental results for adsorption energies, adsorption geometries, 
vibrational properties and activation barriers for a large variety of systems. 
 

 

 
 
Figure 1.1: Upper panel: schematic diagram of the density of states (DOS) projected onto the 
s and d states of a transition metal [8]. Bottom panel: the formation of a chemical bond in the 
interaction between an adsorbate state and the s and d band of a transition metal [9]. 
 
 
Over the last 15 years one of the main goals that theoretical scientists working in 
catalysis have been trying to achieve, was initiated by Hammer and Nørskov [8-14], 
who showed how the reactive properties of TMs depend mainly on surface electronic 
structure. TMs are characterized by a sp band similar to that of free-electron metals, 
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plus a partially filled d-band. The different properties that are present from one metal 
to the next in the periodic table are determined mostly by valence d-band structure. As 
a consequence of the highly localized d-states in atomic configuration, the d-band 
width in a solid is very narrow, as predicted by Tight Binding theory and 
schematically displayed in the upper panel of Fig. 1.1. Therefore, the interaction 
between an adsorbate state and surface d-electrons can be described within a two-state 
problem. As displayed in Fig. 1.1 (b), coupling between the adsorbate state and the 
TM s-band takes place and produces a broadening and a displacement of the 
adsorbate states. The differences in this interaction from one metal to the next are 
expected to be negligible, since TMs have a similar half-filled broad s-band. The 
second step is the coupling to the sharper metal d-band, and leads to the formation of 
bonding and anti-bonding states. Since the degree of filling in both determines the 
strength of the bond, an up shift of d states should increase the adsorbate-metal 
interaction (see Fig 1.2). 

 
 
Figure 1.2: The coupling between an adsorbed state and different d-band illustrating the 
transition from ‘weak’ to ‘strong’ chemisorption [8]. 
 
 
Hammer and Nørskov demonstrated how it is possible to predict the variation of 
surface chemical properties on the basis of the d-band energy position, which is 
therefore considered one of the most promising indicators of chemical reactivity. 
Figure 1.3 shows, for instance, the correlation between chemisorption energies and 
dissociation barriers for atomic and molecular species on a variety of TM surfaces and 
the clean metal d-band centre [10]. 
In summary, the extraordinary properties of TM originate from the presence of a 
narrow valence d-band, which induces an enhancement of electronic density of states 
around the Fermi level. In particular, the valence d-band centre is a good indicator of 
chemical reactivity. Consequently, investigations of electronic structure are well 
suited for the prediction of catalytic capabilities of materials. 
Available experimental and theoretical resources offer great potential for future 
development of newer and cheaper catalysts since a considerable amount of 
commercial catalysts are based on very expensive and rare metals like Pt and Rh. Two 
possible solutions can be suggested. One is to modify Pt and Rh properties to induce 
enhanced catalytic capabilities while sparing these precious metals. The second is to 
use less expensive metals to design materials with great activity and selectivity 
towards desired products by tuning composition, size and geometrical arrangement of 
the surface atoms of the catalyst. 



Chapter 1 - Introduction 

 6

 
Figure 1.3: Molecular and atomic binding energies (top and middle panel, respectively) and 
dissociation barrier (bottom) as a function of the d-band centre of the metal surface [10]. 
 
 
A first approach in improving metal catalytic properties can be achieved by reducing 
particle size in the nanometre range. The most fascinating example can be seen in the 
case of gold. Due to its well-known inert nature in the bulk state, gold was considered 
poorly active as a heterogeneous catalyst for many years. However, in 1987 Haruta et 
al. [15] discovered that gold nanoparticles exhibit surprisingly high activity during 
several chemical reactions. In a recent review Hvolbæk et al. [16] pointed out one of 
the many effects, such as the coordination of Au atoms in nanoparticles, which 
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contributes to the unexpected reactivity properties of gold. It was reported that CO 
oxidation activity is a function of gold nanoparticle size on different supports and 
clearly shows the dependence on particle size. In particular, only particles with a 
critical size below 5 nm are active, and highest activity occurs for aggregates under 2 
nm (see Fig. 1.4). 

 
 
Figure 1.4: CO oxidation activity versus the gold particle size for a large variety of support 
materials [16]. 
 
 
Moreover, the binding energy for some small molecules (O2, O, CO) on gold systems 
increases with reduction of Au coordination number CN. In particular, corner atoms 
(CN=6) are able to bind CO and oxygen, a prerequisite for oxidation reactions. Since 
it is expected that activity is proportional to number of active sites, the number of 
atoms at corner, edge and crystal faces of the nanoparticles are calculated as a 
function of particle diameter. They found that, in order to increase the fraction of 
atoms located at corner sites, the diameter must be lower than 4 nm, or even less than 
2 nm (Fig. 1.5). This result coincides exactly with the observed dimension at which 
CO oxidation increases considerably. 

 
 
Figure 1.5: Fraction of atoms at corners (red), edge (blue), and crystal faces (green) of the 
truncated octahedron displayed in the insert versus the particle diameter [16]. 
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Figure 1.6: Hydrogen binding energies (BEH) values on various close-packed surfaces. The 
reference energy corresponds to a gas-phase atomic hydrogen H(g) and a clean metal slab  at 
infinite separation from one another. Asterisks (∗) denote overlayer NSAs and all other NSAs 
are subsurface alloys. Lengths and signs of the bars are arbitrary and are varied only for 
clarity. The horizontal dashed line at -2.28 eV corresponds to thermoneutral dissociation of  
H2(g) (the gas-phase H2 bond energy of 4.57 eV)[18]. 
 
 
Gold represents a very intriguing example of nanoscale effects on catalytic behaviour 
because reduction of particle size completely changes its catalytic properties, from 
inert to very reactive. The same nanoscale effects act on other transition metals, such 
as Pt, Pd and Rh, which are still good catalysts so that reduced coordination can even 
induce stronger enhancement of catalytic performance. 
A way to further tailor the reactivity of a system can be obtained by alloying different 
transition metals. The scientific literature is full of interesting example of alloys and 
bimetallic systems that have superior performance compared to single constituents. 
For instance, Greely and Mavrikakis [17-19] used DFT calculations to develop new 
Near-Surface Alloys (NSAs) which can be defined as alloys wherein a solute is 
present near the surface of a host metal in a concentration different from the bulk 
composition. 
They focus for example on hydrogen-related reactions and found that it is possible to 
design NSAs which are simultaneously able to bind weakly hydrogen and to 
dissociate H2 with a low activation barrier.  
Figure 1.6 illustrates the hydrogen binding energies (BEH) on a broad variety of close 
packed surfaces and NSAs, showing how all pure metals generally bind hydrogen 
more strongly than do NSAs, except in the case of noble metals like Cu and Au. 
However, the latter are not suitable for hydrogen catalytic applications due to a high 
H2 dissociation barrier, as reported in Fig. 1.7. In this Figure the transition state (ETS) 
energy is plotted as a function of hydrogen binding energy for H2 dissociation on pure 
noble metals and NSAs and put into evidence how NSAs with BEH comparable to 
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those of Cu and Au are characterized by lower H2 ETS. As a consequence, these NSAs 
may permit the production of hydrogen at lower temperatures and this has important 
applications in fuel cells and in the creation of pharmaceutical compounds. 
 

 
 
Figure 1.7: Transition state energy (ETS) as a function of the hydrogen binding energy for H2 
dissociation on pure noble metals and NSAs surfaces. The energy reference for both ETS and 
hydrogen binding energy is a clean metal slab and a gas-phase hydrogen H2(g), at infinite 
separation from one another [19]. 
 
 
As introduced above, electronic structure is a reliable source of information on the 
reactivity properties of a system and the valence d-band centre is a good descriptor of 
these properties. Unfortunately, this physical quantity is not easily measured and is 
usually only found through theoretical calculations. Consequentially, an analogous 
but measurable physical parameter is highly desirable. 
With the development of third generation synchrotron radiation sources, X-ray 
Photoelectron Spectroscopy has become one of the most suitable techniques in the 
analysis of electronic properties. In fact, the high resolution achieved in the last 
decade has allowed indentification in the core level photoemission spectra, the 
photoemission contribution originated from bulk and surface atoms thus determining 
what is usually called Surface Core Level Shift (SCLS). 



Chapter 1 - Introduction 

 10

It has been shown that CLS is a valuable probe of surface electronic structure, since 
the core level binding energy of an atom depends strongly on the local structural and 
chemical environment. 
My thesis was motivated by these considerations. The electronic structure 
modification induced by reduced coordination, strain, atomic rearrangement and 
ligand effects were investigated by means of High Resolution Core Level 
Spectroscopy (HR-CLS) experiments and DFT calculations in order to understand 
catalytic property changes. 
This thesis is organized as follows.  
Chapter 2 and 3 are dedicated to an overview of the experimental and theoretical 
background on which this work is based.  
Chapter 4 and 5 are devoted to exploring the effects of strain and coordination on the 
reactivity properties of transition metal surface atoms by studying electronic structure 
in the case of homo-metallic adsorption of highly under-coordinated Rh and Pt atoms, 
(adatoms and addimers).  
In Chapter 6 the same approach is adopted in the study of bimetallic systems where 
under-coordinated configurations of Rh atoms and Rh pseudomorphic overlayers on 
Pt(111) surface are investigated. In particular, interest is turned to the changes in Rh 
catalytic properties induced by interaction with the underlying Pt substrate (ligand 
effect). 
In Chapter 7, the (1 × 1)→ quasi-hexagonal (HEX) phase transition on a clean Pt(100) 
surface is investigated by monitoring the time evolution of the Pt4f7/2 core level 
photoemission spectra. Pt(100) represents a formidable example of how the same 
substrate can exhibit completely different catalytic properties by changing its surface 
structure from the more open high-reactivity (1 × 1) bulk termination to the strained 
low-reactivity reconstructed surface. 
In Chapter 8 the reconstruction of O(2 × 2)pg/Rh(100) is studied. In this case the 
surface atomic rearrangement was caused by the presence of an atomic adsorbate. The 
understanding of the reconstructed phase, which exhibits a distortion of 11% with 
respect to the nominal (100) bulk termination, could be of fundamental importance in 
the investigation of microscopic mechanisms, which allows for oxygen penetration in 
the subsurface during oxide formation. 
In Chapter 9 the structure of the Ni3Al(111) surface is examined by means of 
photoelectron diffraction. This is a preliminary study towards the investigation of the 
oxidation process which is responsible for the formation of a thin well-ordered 
alumina film in UHV conditions. The next step in this study will be the examination 
of under-coordinated TM atoms on alumina, obtained by evaporation from pure TM-
wire in UHV conditions at low temperature as performed in the case of the TM 
substrate in chapters 4, 5 and 6. Our aim in this case will also be to investigate the 
interplay between geometric and electronic structure in determining the reactivity 
properties of deposited under-coordinated atoms. 
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Experimental approach 

 
 
 
The origin of the photoemission spectroscopy technique dates back to the end of 
1800, precisely with Hertz’s discovery of photoelectric effects in 1887. At the 
beginning of 1900, Einstein explained this process in the framework of quantization, 
as introduced by Plank, and in 1922 he received the Nobel Prize for this work. In 
Hertz’s famous experiment a metal sample connected with an electric circuit is 
illuminated with visible or ultraviolet light and the absorption of electromagnetic 
radiation induces electron emission and a current in the circuit.  
Figure 2.1 demonstrates schematically the photoemission process. Following 
absorption of a photon hv, an electron initially bounded to a crystal with binding 
energy Eb will be ejected with a kinetic energy Ekin. According to energy 
conservation, the measured kinetic energy is given by: 
 

Ekin = hv – Eb- φ,     (2.1) 
 

where φ is the sample work function. By rearranging this equation, the core electron 
binding energy Eb of the emitted photoelectron can be obtained as 
 

 
 

Figure 2.1: Schematic energy diagram of the photoemission process. 
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Eb = hv – Ekin - φ.     (2.2) 
 
The zero point for binding energy is the Fermi level EF, and this is used as a reference 
for measurements.  
Traditionally, the photoemission technique is subdivided into UPS (Ultraviolet 
Photoemission Spectroscopy) and XPS (X-ray Photoemission Spectroscopy) 
depending on the source of exciting radiation. UPS experiments are performed with 
photons in the low energy range (5-45 eV) in order to excite valence electrons, 
whereas in XPS experiments, photons utilized are characterized by higher energy 
(100-2000 eV) thereby allowing the study of core electrons. In this study, the focus of 
interest is turned to these deeply bounded electrons which are considered to be 
localized in the atomic orbital. Here it is possible to assume that the overlap between 
the core wave function of neighbouring atoms is negligible. This technique is called 
ESCA (Electron Spectroscopy for Chemical Analysis), or XPS, because the used 
photon energy is in the range of the soft X–ray [1]. 
One of the most useful properties of the XPS technique is its surface sensitivity. A 
photon in the 100-1000 eV energy range penetrates for some hundred nm into the 
sample and so most electrons created are from the bulk and not from the surface. 
The crucial point is that an electron emitted from deeper layers will undergo inelastic 
collisions that reduce its kinetic energy and change its direction of travel. This 
prevents its escape from the surface while the lost energy contributes to the creation 
of bulk or surface plasmons and the formation of electron-hole pairs. The distance that 
an electron can travel in a solid depends on material type and its kinetic energy, as 
shown in Fig. 2.2 [2], which illustrates the Inelastic Mean Free Path (IMFP) of 
electrons in matter as a function of photoelectron kinetic energy for different kinds of 
elemental solids. It can be observed that the points scatter around a calculated curve, 
normally called the universal curve. The maximum surface sensitivity corresponds to 
the minimum IMFP of ~5-10 Å, i.e. to electron in the kinetic energy range of 50-200 
eV. For example, in order to measure with high surface sensitivity the photoemission 
spectrum relative to the Rh3d5/2 level at ~310 eV, a 400 eV photon is typically used so 
that created photoelectrons are in the minimum range of the universal curve. At the 
same time, within this energy range, it is possible to take advantage of the 
extraordinary properties of synchrotron radiation, as is described in section 2.4.1. 
 

 
Figure 2.2: Universal curve of the inelastic mean free path of electrons in matter as a 
function of the photoelectron kinetic energy [2]. 
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2.1 The photoemission process 
 
Peak photoemission intensity depends on the probability of the respective electron 
transition, i.e. on the photoelectron cross section associated with the process and 
defined as the probability of transition from an initial state Ψi(N) to a final state Ψf(N) 
per unit time by exciting a single atom, molecule or solid with a photon flux 
consisting of one photon per second per cm2 [3]. 
In an XPS experiment, photoemission intensity is the result of excitation of electrons 
from the initial state Ψi(N) to the final state Ψf(N), which is caused by the 
electromagnetic field. 
The interaction between radiation and matter will be discussed within a semi-classic 
framework: the first will be dealt quantistically and the second classically. A particle 
with charge e and velocity v in an electromagnetic field as defined by E and B, will be 
subject to the Lorentz force F=e (E +1/c v ∧ B). E and B can be written as a function 
of the scalar potential V and the vector potential A: 
 

tc
1-V-=

∂
∂ AE ∇     (2.1.1) 

A×∇=B .     (2.1.2) 
 

The Hamiltonian of the solid can be rewritten as: 
 

UVe
mc
e

mc
e

mUeVAc
epmH i

i
i

ˆˆˆ
2

ˆˆˆˆ(22
ˆ

)(2
1

2

22
2

3

1
++−=++−∑=

=

2+ A+)pAApp ,  (2.1.3) 

 
where m is electron mass, pi are the components of electron momentum, and U is an 
external potential. Using the commutator AAp ˆ]ˆˆ ∇= hi-,[ , the previous equation will 
be: 
 

 UVe
mc
e

mc
e

mH ˆˆˆ
2

ˆˆˆ2(22
ˆ

2

22
++∇−= 2+)- AApAp

hi ,  (2.1.4) 

 
where the second order term 22e A/ ˆ2 2mc  can be neglected. By working within the 
Coulomb gauge, (thus with the scalar potential V=0) and by considering the 
propagation of transverse wave (thus ∇ Â =0), the equation 2.1.4 becomes: 
 

pAp ˆˆˆ
2
ˆ 2

mc
eUmH −+= .   (2.1.5) 

 
The first two terms represent the unperturbed Hamiltonian 0Ĥ , which describes a 

solid in its ground state, and the perturbation pA ˆˆˆ
mc
eH −=′ , which is due to 

interaction with electromagnetic radiation. The latter can be described as the 
superposition of plane wave with frequency ω, wave vector k′, amplitude A0 and 
polarization vector ε: 
 

A (r,t)= ε A0 ei (k′ r-ωt).    (2.1.6) 
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By solving this problem within the time dependent perturbation theory, it can be 
determined that the transition rate between the initial state and the final state is given 
by the Fermi’s golden rule: 
 

   )νδω h−−Ψ′Ψ∝′
if

if EENNHNdt
d ()()(ˆ)(

2
  (2.1.7) 

 
or considering eq. 2.1.5 it is possible to derive: 
 

d ′ ω 
dt

∝ Ψ f (N) ˆ A (ri )
i=1

N

∑ ˆ p i Ψi(N)
2

δ(E f − Ei − hν).  (2.1.8) 

 
The square of the eq. 2.1.8 defines the differential cross section dσ/dΩ and by 
inserting 2.1.6 we obtain: 
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2
0

2 )()( ∑
=
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N

i
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i

iif NeNA
d
d εrk

h
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Since an electron with kinetic energy of around 1 KeV has a wavelength higher than 
the characteristic dimension of the studied system, it is possible to approximate 
ei(k′⋅r)≈1 which leads to: 
 

2

1

2
0

2 )()( NNA
d
d i

N

i
i

f Ψ∇⋅Ψ=
Ω ∑

=

εh
σ .  (2.1.10) 

 
The previous approximation is the so-called dipole-approximation [4]. In the study of 
a system characterized by a many body wave function, it is often assumed that it is 
possible to separate the two contributions, the first related to the electron that 
undergoes the photoemission process and the second given by the (N-1) electrons that 
do not participate in the process: 
 

)1()1()( −Ψ=Ψ NN Rk
i ψ ,    (2.1.11) 

 
)1()1()( , −Φ=Ψ NN jkf

f φ ,    (2.1.12) 
 

where ψk(1) is the single particle wave function of the electron to be removed from 
the orbital k, ΨR(N-1) is the properly anti-symmetrized determinant of the remaining 
(N-1) electrons in the initial state, φf(1) is the wave function of the free electron and 
Φk,j(N-1) are the possible states for the ionic system that has one electron missing 
from the orbital k and the ion is in the excited state j. Since the energy of the system 
before and after the interaction is conserved, it can be concluded that: 
 

Ei
tot(N) + hv =  Ef

tot(N-1) + Ekin,    (2.1.13) 
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where electron binding energy is the difference between the final state (an atom with 
N-1 electrons and a free photoelectron) and the initial state (an atom with N 
electrons): 
 

Eb = Ef
tot(N-1) - Ei

tot(N) = hv – Ekin .    (2.1.14) 
 

One of the possible theoretical approaches to the binding energy calculation is the 
Hartree-Fock framework and the so-called Koopman’s theorem [4], which assumes 
that during electron ejection the remaining N-1 electrons are frozen in their original 
orbital. Within this approximation Eb can be determined by the initial orbital energy 
εi, and all the relaxation processes are neglected resulting in Eb =-εi. The calculated 
Hartree-Fock eigenvalue εi differs from the measured Eb by 10-30 eV due to the 
electron correlation (∆εcorr), the relativistic effect (∆εrel), but mostly because of 
electron rearrangement which is dependent upon the kinetic energy of the outgoing 
electron. In the low kinetic energy limit it is also possible to take into account this last 
contribution using the adiabatic approximation. In this case the photoelectron is 
assumed to leave the system slowly so that at any instant the N-1 electron system is 
left fully relaxed in its ground state ionic configuration while the photoelectron gains 
the full relaxation energy εrelax thus increasing its kinetic energy. The electron binding 
energy Eb is given by the orbital energy as in the frozen approximation, corrected by 
this screening contribution: 
 

Eb = -εi +∆εcorr +∆εrel -εrelax.     (2.1.15) 
 
In the case of photoemission from transition metals, adiabatic energy is never 
observed because the atom does not have sufficient time to fully relax. 
If during photoemission process the velocity of the escaping electron is so high that 
the photoelectron does not interact with the surrounding electrons, such that the 
relaxation process is slower than the ionization process, it is possible to apply the 
sudden approximation and rewrite the differential cross section as follows: 
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This indicates that there is a not zero probability that the (N-1) electron system will be 
left in some excited state thereby reducing photoelectron kinetic energy. This leads to 
the presence of new features in the photoemission spectrum at higher binding energy 
with respect to the adiabatic main line due to the excitation of electrons to a bound 
(shake-up satellite) and to an unbound (continuum) state (shake-off satellite). Within 
the sudden approximation it is possible to derive an important ‘sum rule’ [5,6]. In fact 
Koopmans’ energy corresponds to the centre of gravity of the intrinsic part of 
spectrum including the satellites: 
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where EB(j) is the binding energy of the various peaks and Ij are the respective 
intensities. As described above, Figure 2.3 shows a schematic XPS spectrum, and the 
adiabatic peak main line, with shake-up and shake-off features, is indicated. 
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Figure 2.3: Schematic drawing of an XPS spectrum: the main line (adiabatic peak), and the 
shake-up and shake-off satellites are depicted [3]. 
 
 
2.2 The core level line shape 
 
Figure 2.4 illustrates the most important contributions to the observed core level line 
shape, i.e. the experimental resolution, core hole lifetime, shake-off and shake-up 
processes, inelastic scattering and vibrational effects. 
 

 
 
Figure 2.4: Comparison between the main contributions to the core level line shape for free 
molecules and solids [7]. 
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The core hole lifetime is determined by decay channels, which involve electrons that 
have lower binding energy than the core hole. These processes can be radiative 
processes or not. 
The possible decay mechanisms are as follows (see Fig. 2.5): 

1. The Auger process: an electron with a different principal quantum number 
than that of the photoelectron, decays after ionization and induces the emission  
of a second less bounded electron. This is a three-electron process that leaves 
the atom doubly-ionized. Here Auger electron kinetic energy is independent of 
the incident photon hv and so the apparent binding energy will change 
depending on the photon energy. 

2. The Coster-Kronig process: an electron decays from a level characterized by 
the same principal quantum number and occupies the created core hole. 

3. Fluorescence: decay of an electron to an excited core level causes the emission 
of a photon characterized by energy corresponding to the electron transition. 

 

 
Figure 2.5: Main decay channels: Auger process, Coster-Kronig process and fluorescence. 
 
 
The resulting core level width can be determined by all these contributions through 
the Heisenberg uncertainty principle: 
 

2h≥∆∆ tE      (2.2.1) 
 

with h =6.6×10-16 (eV s). 
Usually ∆t is in the 10-15-10-13 s range, where short core hole lifetime corresponds to a 
large energy uncertainty ∆E and hence a broad peak. This effect is always present in 
any photoemission spectrum and is represented by a Lorentzian distribution: 
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where Ekin is the photoelectron kinetic energy, E0 is the energy position for the 
maximum intensity I0 and Γ  is the Lorentzian full width at half maximum (FWHM). 

 
Figure 2.6: Effect of the electronic transition on the core level line shape [7]. 
 
 
Also the vibrational excitation can contribute to core level width in a photoemission 
spectrum. For simplicity, the atomic adsorbates case will be considered first. 
Variation in the inter-atomic distance or in the potential energy curves can induce the 
excitation of the vibrational modes in the final state. The ionization process can be 
described within the Born-Oppenheimer approximation such that nuclear motion is 
decoupled from the electrons and total wave function is factorized into a nuclear and 
electronic contribution. Since the photoemission process is faster than the nuclear 
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geometrical rearrangement in its final state, bond length remains the same during the 
electronic transition (Franck-Condon principle). 
In three different cases, Figure 2.6 illustrates the potential energy curves for nuclear 
motion as a function of bond length. The lower curves represent the initial state while 
the upper curves show the final state with corresponding vibrational states 
characterized by quantum numbers ν and ν′. It is assumed that in the initial 
configuration only the vibrational state with ν=0 is populated. In order to explain 
what happens in the three examples shown in Fig. 2.6, the Franck-Condon principle is 
applied: the transition probability from an initial state ν and a final state ν′ is 
proportional to the square of the overlap between the nuclear wave functions: 
 

Pν→ν′ ∝ |<ν|ν′>|2.     (2.2.3) 
 

In the first case the two wave functions are almost the same therefore the only 
possible transition is that between ν=0 and ν′=0 which induces a very narrow profile. 
In the other two cases the potential curves are very different thus the initial wave 
function ν=0 will have not zero overlap with higher vibrational levels. In case (b) the 
modification of bond length induces an excitation of different final modes ν′=1, 2, …, 
n and a symmetric peak broadening, while in case c) where system geometry changes 
less appreciably, the overlap between the two states ν=0 and ν′=0 is larger and the 
resulting broadening becomes asymmetric. Even if the system is at T=0 (i.e. in a not 
excited vibrational state ν=0) there could be considerable peak broadening due to the 
equilibrium distance variation or the modification of the inter-atomic force as a 
consequence of the electronic transition. 
On the other hand, if the system temperature is different from zero, there will be a not 
zero probability to occupy an initial state with ν≠0. Consequently, the projection on 
the final state should still induce an even larger profile width if the equilibrium 
geometry changes. 
Regarding the effect of temperature on the photoemission spectrum in solids, the 
possibility that a photoelectron can absorb or excite phonon should be considered. 
Since the exchanged energy is of the order of meV, only for few systems, such in the 
case of Be(0001) [8] it is possible to resolve this effect. The convolution of this 
hidden component produces a profile that we assume to be Gaussian. 
In the case of Rh(100), it was observed that as a consequence of temperature increase, 
both the bulk and surface Rh3d5/2 components shifted toward lower binding energy 
(55 meV and 25 meV, respectively) when the temperature rises from 20 K to 970 K. 
As shown in Fig 2.7, the square of the Gaussian width increases linearly as a function 
of the temperature [9]. 
A further contribution, which is usually described with a Gaussian function, is 
originated by the inhomogeneity in the sample. In fact, the core level binding energy 
would be the same for each atom in the solid if the crystal being studied is perfect and 
has perfect periodicity. However, in a real sample atoms can be arranged in slightly 
different ways and with steps, kinks and vacancies. Assuming that the distribution of 
these defects is random, photoelectrons, originating from inequivalent atoms will 
produce a broadening typically reproduced by a Gaussian function. 
The line profile caused by experimental resolution, mainly originating from the 
monochromator and analyzer, can be also described by a Gaussian distribution. For a 
more detailed description regarding the instrumental apparatus we refer to section 2.4. 



Chapter 2 - Experimental approach 

 22

Therefore, the overall effects to the core level line shape due to the temperature, 
phonon, inhomogeneities and experimental resolution are taken into account by 
means of a Gaussian function 
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where σ is the Gaussian FWHM.  
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Figure 2.7: Behaviour of the square of the Gaussian width as a function of the temperature in 
the case of the core level 3d5/2 of Rh(100) [9]. 
 
 
In the high binding energy range of a photoemission spectrum, satellite features called 
shake-up and shake-off appear as a consequence of the ionization process. The 
photoemission process is faster than orbital relaxation (sudden approximation) thus it 
is possible that the outgoing electron gives energy to other valence electrons thus 
allowing transition to higher energy levels. In the case of molecules, the shake-up 
consists of a discrete series of transition peaks caused by excitation from an occupied 
to a free orbital state. In solids, since this electronic state forms a continuous band, 
with filled levels below the Fermi level and empty above, there could be infinite 
number of small excitations around the Fermi level and the formation of electron-hole 
pairs thus giving not discrete satellite features. 
Another possibility is the emission of further electrons as a consequence of core 
ionization and this process is called shake-off. In both situations (intrinsic losses) the 
photoelectron is detected at lower kinetic energy with respect to that emitted from the 
core, yielding an asymmetric code at higher binding energy. 
The photo-emitted electron could also lose part of its energy during the escape path 
through the solid (extrinsic losses) creating: 

1. bulk or surface plasmons, i.e. collective charge oscillation; 
2. electron-hole pairs with probability depending on the density of state at the 

Fermi level. 
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The resulting effect is an asymmetric line shape [10-11]. It should be noted that due to 
the band gap, which prevents the creation of core-hole pairs at the Fermi level, this 
asymmetry is generally not present in an insulator or semiconductor. 
The separation between intrinsic and extrinsic losses is not so trivially identifiable in a 
photoemission spectrum because both contributions are present at similar energy and 
separation is based on the assumed possibility to treat the photoemission process as a 
sequence of a single event [12]. 
Finally, as discussed at the beginning of this chapter, the scattering collisions 
experienced by the photoelectron produces a considerable number of low energy 
secondary electrons, Auger electrons and photons. The first are responsible for the 
characteristic background in which shape changes as a function of the photoelectron 
kinetic energy. This makes it important to adequately choose the photon energy hv in 
such a way that the created electron will be characterized by a sufficiently high kinetic 
energy at which the secondary electron contribution is minimum or high enough to 
have a good signal-to-noise ratio. 
The most common parameterization for the core level line shape in photoemission 
spectra is due to Doniach-Sunjic and is expressed by [13]: 
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where Ekin is the kinetic energy of the electron, α is the asymmetric parameter, Γ is 
the intrinsic line width, E0  is the position of the maximum intensity I0 and ΓE is the 
mathematical function Γ as defined by: 
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This formulation comes from the convolution of the term 
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with the Lorentzian function reported in equation (2.2.2). 
The power law (2.2.8) describes the asymmetrical line shape caused by the creation of 
electron-hole pairs in metals with a core level characterized by an infinite life time 
and where α, the density of state at the Fermi level, is considered constant. The 
Lorentzian Γ, as shown above, describes the finite core hole life time. The (2.2.5) 
function is further convoluted with a Gaussian that takes into account all the 
symmetric broadening contributions described above (vibration, phonon, 
experimental resolution, etc). In the (a), (b), and (c) panel of Fig. 2.8, it is possible to 
observe the line shape modification induced by the variation of Γ , α, and G 
respectively, by fixing two of these parameters. 
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Figure 2.8: The effect of the variation of the FWHM of the Lorentzian Γ (a), the asymmetric 
parameter α (b), and the Gaussian broadening G (c) on the core line shape. 
 
 
2.3 Surface Core Level Shift 
 
This section focuses on core levels belonging to transition metal surface atoms and 
the importance of this type of investigation in the understanding of the electronic, 
chemical and structural properties of transition metals. 
For many years it was assumed that more localized atomic orbital remain unchanged 
after inter-atomic interaction since they do not participate in bonding.  For this reason 
the scientific community previously dedicated more interest to the valence orbital 
when compared to the core states until 1960, when Siegbahn developed the ESCA 
(Electron Spectroscopy for Chemical Analysis) technique. In 1981 he was awarded 
the Nobel Prize for introducing this method. Siegbahn and his co-workers studied 
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copper oxidation and found that the Cu 1s core level underwent a 4.4 eV shift toward 
higher binding energy changing from metallic copper to copper oxide. For the first 
time, they demonstrates that high resolution core level spectroscopy is a powerful 
technique and of particular interest because of its sensitivity to chemical 
environments. A further example is illustrated in Fig. 2.9 where it is possible to note 
the shift of several eV of the 1s carbon core level as a function of the number of atoms 
and depending on the different atomic species to which is bounded. In order to justify 
this behaviour, they predict that according to different electronegativities (H<O<F), 
the carbon valence charge would be transferred to the interacting species in different 
quantities [14].  

 
Figure 2.9: Photoemission spectrum relative to the ethyl trifluoroacetate (C4F3O2H5) 
molecule. The lower spectrum is recorded by means of X-ray monochromatization. The C1s 
binding energy undergoes a shift as a function of the number of atom and the different atomic 
species to which is bounded [14]. 
 
 
The first uses of this technique were mostly for investigations of solid state physics 
and gas phase molecules. Only in the early 1970’s, after studies on electron mean free 
path in solids and development of UHV, the potential of XPS in the study of surface 
properties was recognized thereby introducing a new field of research of core level 
photoemission.  
One of the most important properties of the binding energy of an electronic state is its 
chemical specificity because each element has a unique set of core levels allowing the 
identification and monitoring of any contaminant on the surface. Moreover, different 
core level binding energy position allows one to distinguish in-equivalent atoms of the 
same chemical species or to identify adsorption sites of atoms and molecules on the 
surface. 



Chapter 2 - Experimental approach 

 26

The core level peak intensity also gives quantitative information. Since that for a 
given element the photoelectron number is usually proportional to the number of 
ionized atoms and hence to its concentration, it is possible to obtain the amount of 
adsorbate on the surface by calculating the area within the peak and converting this 
quantity to ML if the coverage of a reference structure is known. 
It is important to note that the outgoing photoelectron can undergo diffraction effects. 
This means that the core level intensity originating from atoms in different 
geometrical environment may not be comparable. A photoelectron with kinetic energy 
of around 100 eV exhibits a wavelength of 1 Å and is thus comparable with the 
characteristic lattice distances in solids. This causes interference effects between the 
directly emitted electron and that ejected from atoms nearby. In this way peak 
intensity changes as a function of the detection angle (due to the different interference 
directions) as well as with the photon frequency v (since frequency implies a kinetic 
energy change and thus wave length variation). This effect is represented 
schematically in Fig. 2.10. A photon with energy hv excites a core electron belonging 
to an atom adsorbed on top on a crystal surface. The outgoing wave can either directly 
reach the detector (φ0) or be scattered by atoms around the emitter. This generates 
waves φ0, φk and φf,g that interfere with the primary wave and yields a characteristic 
diffraction pattern for each emitter. Therefore, in certain directions and with specific 
kinetic energies there is constructive interference, which enhances photoemission 
intensity. However, in other directions there is reduced intensity resulting in intensity 
modulation as a function of detection angle and photon energy. This phenomenon is 
usually exploited in order to determine the geometry of the excited atom, i.e. bond 
lengths and bond angles: unlike the LEED technique which requires a long range 
order, the photoelectron diffraction is a local scattering phenomenon which depends 
only on the configuration of the atoms in the vicinity of the emitter. 
 

 
Figure 2.10: Schematic diagram of the photoelectron diffraction effect. The primary wave φ0 
is generated in the photoemission process relative an atom adsorbed on top on the crystal 
surface. The secondary wave φj, φk is created by atoms j and k of the first and second layers, 
respectively, while φf,g is originated by a double scattering effect. 
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2.3.1 SCLS for 4d and 5d transition metal atoms 
The binding energy difference between the same core level of a given atom present in 
two different chemical configurations is commonly called the Core Level Binding 
Energy Shift or Chemical Shift. In particular the Surface Core Level Shift (SCLS) is 
defined as: 
 

SCLS= EB
s- EB

b,     (2.3.1) 
 

where EB
b/s is the core level binding energy belonging to the bulk/surface atom. In this 

case atoms of the same species are present but are inequivalent from the point of view 
of geometrical configuration. As a consequence of surface formation and bond 
breaking in one direction, the first layer atoms have lower coordination with respect to 
that in the bulk, hence inducing a narrower valence band. If the d band is more than 
half filled (see Fig. 2.11) as in the case of Rh and Pt, the surface d band centre 
undergoes a shift δεd towards lower binding energy in order to maintain a common 
Fermi level in the solid. In the case of a less than one half filled band, the opposite 
phenomenon takes place, i.e. the bulk Fermi level would be lower than that of the 
surface inducing an electron transfer toward the bulk thus the surface d band shifts 
toward a higher binding energy. This valence displacement has its analogue in the 
core region, as displayed in Fig. 2.11. 

 
Figure 2.11: Surface Core Level Shift caused by d-band and an electrostatic shift for 
transition metals with less and more than half filling of the d shell [3]. 
 
 
In a first approximation, the SCLS depends on coordination and thus assumes 
different values according to the crystallographic plane. In the case of rhodium, for 
example, the bulk coordination is 12 while that relative to the (111), (100) and (110) 
plane is 9, 8 and 7, respectively: the more open surface (110) exhibits a shift equal to 
–675 meV [15], against only –459 meV for the (111) [16]. 
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Figure 2.12 shows the calculated SCLS relative to the 1s states for the 4d metals [17]. 
Here the ab initio calculations were performed using the full-potential linear muffin-
tin orbital (FP-LMTO) method and the SCLS were obtained from an initial-state 
description. It was possible to see that the SCLS increased with the roughness of the 
surface as well as across the series becoming zero when the d-band was half filled. 
Within the Tight Binding a general expression can be derived for the SCLS and is 
given by: 
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where Zsurface/bulk represents the surface/bulk coordination, while nd and Wd are the 
occupation number and d-band width, respectively [18]. The behaviour of the SCLS 
along the 4d transition metal series reported in Fig. 2.12 was qualitatively described 
by the precedent relation. 

 
Figure 2.12: Surface Core Level Shift relative to the 1s along the 4d transition metal series 
obtained by ab initio calculation [17]. 
 
 
2.4 Experimental apparatus 
 
2.4.1 Synchrotron radiation 
One of the most frequently used x-ray sources for photoemission spectroscopy is 
based on the creation of a hole in the core level of an atom in an anode by 
bombardment with high-energy electrons. This process creates holes that are filled up 
by electrons, thus inducing x-ray emission. In surface chemical analysis the anode of 
conventional x-ray sources is made up of Al or Mg and its most intense line called Kα 
which corresponds to a radiation energy of 1253.6 eV and 1486.6 eV respectively, is 
exploited. 
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The total width for Al and Mg Kα emission is of the order of 1 eV because the Kα line 
consists more precisely of two unresolved emission lines as well as because of the 
core-hole life time. In order to achieve a higher energy resolution it is possible to use 
a monochromator with the disadvantage of drastically reduced intensity. 
The high resolution required for this SCLS experiment makes inadequate the use of 
conventional sources and necessary the use of synchrotron radiation. For this reason 
most of the experiments reported in my PhD thesis were performed at Elettra, the 
synchrotron radiation facility located in Trieste, Italy [19]. 
Initially, synchrotron radiation production was considered a phenomenon of 
disturbance and thus an undesired mechanism of lost energy present in accelerator 
(called of first generation) due to particle collision. The search for how to eliminate 
this problem caused the idea of exploiting this light in studies of materials. This is 
how synchrotron radiation sources of second and third generation were born. Elettra is 
the first third generation synchrotron radiation facility in Europe, has been operative 
since 1993 and now has almost twentyfive beamlines. The light produced is in a broad 
continuous spectrum extending from a few eV to tens of KeV, from the infrared to the 
hard X-ray. This allows performing investigations in many scientific disciplines 
where material structure can be examined by means of its interaction with the 
electromagnetic radiation. 
The Elettra synchrotron radiation source is mainly composed of three sections: the 
linear accelerator (LINAC), the transfer line and the storage ring. The LINAC allows 
an electron to reach energy up to 1.2 GeV before being injected into the ring where 
radiofrequencies cavities allow energy enhancement up to 2.4 GeV, regime nominal 
values. More precisely, the radiofrequency cavity, which also returns the lost 
(radiated) energy through its axial electric field to the electrons, forces electrons into 
axial bunches leading to a time structure in the emitted radiation. It is possible to fill 
the ring from one bunch to any combination, but the usual operation mode is multi-
bunch so that roughly 95% of the ring circumference is filled with electron bunches. 
This ring is composed of 11 straight sections, a series of dipole bending magnets, 
which bend electron trajectory, quadrupoles which focus the electron beam, 
sextupoles which stabilize the particle characterized by energy different from the 
nominal ones, and finally steered magnets which adjust the electron trajectory when 
not perfectly circular. Nominal energy is the energy belonging to ideal particles, 
which move in a perfect circular trajectory that closes in on itself after each turn of the 
ring. 
It is well known that an accelerated charge produces electromagnetic radiation: when 
an electron travels through a bending magnet its velocity changes direction and causes 
light emission. This light is characterized by an intensity that drops to zero above the 
so-called critical energy, which depends on the kinetic energy of the electrons Ekin and 
the bending radius R in the ring, Ec ∝ E3

kin/R. 
Figure 2.13 shows how radiation produced by a non-relativistic electron is distributed 
in a large solid angle, whereas a beam emitted from an electron is characterized by a 
velocity close to the speed of light as that in the ring, and is sharply peaked in the 
direction tangential to the trajectory. Thanks to the presence of the radiofrequency 
cavity the beam maintains its orbit within the ring because at each turn the electron 
receives energy equal to that lost. 
A third generation synchrotron radiation source differs from that of the previous 
generation because of the presence of undulators and wigglers which are devices 
formed by arrays of N magnets with alternate polarity periodically arranged. These 
produce a sinusoidal magnetic field, which causes the electron beam to oscillate and 
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Figure 8.7: Calculated densities of states (states/eV) projected onto the 4d orbital of the Rh 
atoms for all inequivalent surface atoms present in the three adsorption structure represented in 
Fig. 8.1,  i.e. the p(2 × 2), c(2 × 2) and asymmetric (2 × 2)pg-O/Rh(100). The projections onto the 
4d orbitals relative to surface and bulk atoms are also plotted. Thicker lines indicate the d-band 
centre Bd position and the dashed line at the zero energy evidences the Fermi energy position. 
 

 

In the asym(2 × 2)pg phase the Rh2-fold surface atom loose 0.17 e- versus 0.11 e- for the 
c(2 × 2). Additionally, in the reconstructed surface the Rh2-fold bond length is only 2 Å 
against the 2.3 Å in the symmetrical structure. 
 
 
8.3 Discussion 
 
In Figure 8.7 the LDOS projected onto the d orbital of bulk and surface atoms is plotted 
for p(2 × 2), c(2 × 2) and asym(2 × 2)pg phase and the thick vertical line indicates the d-
band energy centre position Bd. 
Within the initial state picture, i.e. neglecting screening effects, SCLS can be explained as 
a consequence of surface d-band narrowing induced by the coordination’s reduction at 
the surface, as explained in section 2.3.1. This is clearly seen in Fig. 8.7 (bottom panel), 
where the DOS projected onto Rh0 surface atoms is compared with the DOS projected 
onto bulk atoms. In contrast, because of oxygen adsorption, the d-band undergoes a 
broadening and consequently a d-band centre downward shift is obtained. 
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Figure 8.8: The calculated initial state core level shifts as a function of the d-band centre 
displacement for all the inequivalent first and second layers atoms of the adsorptions structures 
represented in Fig.s 8.1 and 8.2. Different colours correspond to inequivalent atoms. 
 
 
Figure 8.8 shows the initial state ∆c

init contribution as a function of the d-band shift ∆Bd 
for all the inequivalent surface and second layer atoms in the three different structures. As 
explained in previous studies for different adsorption systems [18,19,24,29], this 
qualitative linear trend shows the correlation existing between these two quantities, each 
one having a common origin i.e. the change of the surface potential, but experienced in 
the core and the valence region. 
The same trend holds for the full shift versus ∆Bd (Fig. 8.9), because the screening 
contribution (absolute value) is always less than 70 meV (see Table 8.4). The relationship 
visible in Fig. 8.9 confirms the SCLS as a measure of surface chemical reactivity 
changes, also in the case of a reconstructed surface induced by adsorption of oxygen 
atoms. 
In conclusion, we have demonstrated that the oxygen induced Rh3d5/2 CLSs are very 
sensitive to the local geometrical and chemical environment changes.  
The adsorption geometry drastically changes with increasing the oxygen coverage until 
inducing surface reconstruction at 0.5 ML. 
Even though the (100) surface already offers a highly coordinated adsorption site (four-
fold hollow), the system prefers to reconstruct towards the (2 × 2)pg structure, which 
involves a considerable surface distortion. This atomic rearrangement requires a certain 
energy cost, but the energy gained in the optimization of the oxygen-rhodium bond 
lowers the total surface energy and compensate largely the initial cost. In the 
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reconstructed asym(2× 2)pg structure, oxygen adsorbs out of the centre of the rhombus 
thus involving two inequivalent surface atoms denoted Rh1-fold and Rh2-fold which are 
characterized by considerably different CLS (-185 meV and +140 meV, respectively) and 
thus also different reactivity properties. 
 

 
Figure 8.9: The calculated full surface core level shifts as a function of the d-band centre 
displacement for all the inequivalent first and second layers atoms of the adsorptions structures 
represented in Fig.s 8.1 and 8.2. Different colours correspond to inequivalent atoms. 
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The Ni3Al(111) surface structure: 

experiment and theory 
 

 
 
Most bimetallic alloy surfaces display a significant deviation from the bulk composition 
in the first three or four atomic layers due to thermodynamic effects. An example is the 
case of the PtRu and PtRh alloy surfaces [1,2], where segregation of Pt into the first 
atomic layer takes place, while substitutional disorder exists in the bulk. On the contrary, 
some of the bimetallic alloys of A3B type with the L12 structure, typically referred to as 
directly ordered alloys, present a bulk like stoichiometric composition for selected low 
index crystallographic terminations like the (111) surface, since the mixed terminal layers 
are energetically favoured with respect to pure surfaces. Among them, Ni3Al, which 
crystallizes in a face-centred cubic lattice, represents an interesting case because of its 
applications in electronics, coating technology and for structural elements in engineering 
systems exposed to high temperatures [3,4]. Beyond that, NiAl and Ni3Al surfaces attract 
remarkable interest as templates for the growth under ultra-high vacuum conditions of 
thin alumina ordered films [5-8]. Both the structure and the reactivity of these Al-oxide 
layers are widely studied as UHV model systems of supported catalysts. A first step 
towards a deep comprehension of the structure and the growth mechanisms of such 
additional layers is a detailed description of both the structural and the chemical 
properties of the substrate alloy. 
The first structural investigation of the Ni3Al(111) surface, based on low electron energy 
diffraction (LEED) [9], reported a bulk-like termination with a small rippled relaxation of 
the aluminium atoms, each one surrounded by six Ni nearest neighbours in a (2 × 2) 
configuration. Al atoms are displaced outwards by 0.06 Å from the Ni plane. Stimulated 
by theoretical calculations, predicting that a small increase in the stoichiometric 3:1 
compositional ratio would result in a pure Ni first-layer [10], a recent Surface X-Ray 
Diffraction (SXRD) study reported an unexpected chemical disorder on the clean surface 
[11]. The long-range disorder decreases for increasing depth, while the atomic 
geometrical arrangement is in fair agreement with previous LEED results. This behaviour 
has been explained in terms of chemical disorder at the surface, although the surface is 
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overall stoichiometric. Different conclusions about surface order have been reported after 
Scanning Tunnelling Microscopy measurements [12], revealing an hexagonal array with 
interatomic distances of 4.9 Å, in excellent agreement with the distance between two 
aluminium nearest neighbours in the (2 × 2) unit cell. In agreement with previous 
experimental findings, very recent ab initio calculations [13] reported an outward shift of 
the surface Al plane and an inward shift of the Ni plane, resulting in an overall difference 
of 0.10 Å between the vertical positions of the Al and Ni atoms. 
Since the accurate determination of surface lattice relaxation effects is important for a 
quantitative description of the alloy energetics, we have performed a X-Ray 
Photoelectron Diffraction investigation of the Ni3Al(111) system. A significant advantage 
of using XPD with respect to LEED and SXRD techniques is that is highly sensitive to 
the local environment of the investigated atom, and does not require a long-range order. 
Moreover, the forward focusing effect, achieved at high photoelectron kinetic energy, 
yields a direct identification of the inter-atomic bond directions [14]. The experimental 
results are complemented by structural calculations based on Density Functional Theory. 
 
 
9.1 Experimental 
 
Photoelectron diffraction experiments were carried out in a multi-purpose UHV chamber 
with a base pressure of 5×10-11 mbar. The apparatus is equipped with LEED and Spot 
Profile Analysis-LEED optics, residual gas analyser for temperature programmed 
desorption measurements, a Mg Kα X-Ray source (hν = 1253.6 eV - ∆E = 0.9 eV), a 
monochromatic Al Kα source (hν = 1486.6 eV - ∆E = 0.4 eV) and a VG MKII 
hemispherical electron energy analyzer. A five degrees of freedom VG Omniax 
manipulator (three translational axes, polar and azimuthal rotations) is mounted 
eccentrically on a large differentially pumped rotary flange, so that different instruments, 
mounted on the radially distributed flanges along the circular chamber perimeter, can be 
reached. The movement system, the instrument controls and the data acquisition are fully 
computer driven by custom Labview software. The manipulator allows electron 
bombardment sample heating by up to 1400 K and liquid nitrogen cooling down to 140 
K. The Ni3Al(111) oriented single crystal, was carefully cleaned by repeated cycles of 
Ar+ ion bombardment (2.5 keV) at room temperature and subsequent annealing up to 
1175 K. Heating yields to surface ordering as well as to Al segregation to the outermost 
layers, which compensates the higher sputtering efficiency for Al vs Ni atoms [11]. Using 
this procedure a sharp p(2 × 2) LEED pattern, related to the chemical order of the first 
surface layer Ni and Al atoms, was obtained. Surface contaminants such as carbon and 
sulphur were below the XPS detection limits (< 0.01 ML). 
The sample crystallographic directions were aligned by means of LEED with respect to 
the manipulator axis. In Fig. 9.1(a) we show the model of the clean surface and define the 
polar (Θ) and azimuthal (φ) angle scales used throughout the work. 
XPD measurements are acquired using the monochromatic Al Kα radiation, with the 
sample kept at room temperature. Due to the long measuring time required to collect 
azimuthal and polar scans needed to yield the full hemispheric mapping, cleaning cycles 
are regularly alternated to data collection. At each angular position, the Ni 2p3/2  peak at 
852.3 eV binding energy is measured. The photoelectron intensities are obtained by 
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fitting the data with a Doniach-Sunijch function, convoluted with a Gaussian. For each 
angular scan, the Ni 2p3/2 intensity is used to calculate the modulation function [13], 
which is defined as χ=(I-I0)/I0. For the azimuthal scans, I0 is a constant equal to the 
average intensity. In the case of polar scans, I0 is instead calculated by data interpolation 
with a proper cosine function, which accounts for the sampling depth and for the intensity 
attenuation as a function of the emission angle. For the two-dimensional (2D) 
stereographic projection of the XPD data, the intensities were normalized in a similar 
way as a function of the azimuthal and polar angles. 
 

 
 
Figure 9.1: Scheme of the clean Ni3Al(111) surface structure from top (a) and side (b) view. Al 
atoms (yellow-orange scale) form a p(2 × 2) arrangement in each of the a-b-c stacked layers. Ni 
atoms are represented in grayscale. Arrows indicate the main crystallographic directions as well 
as the polar and azimuthal reference angles for the XPD scans. 
 
 
The XPD simulations have been performed using the MSCD package developed by Chen 
and Van Hove [15] The simulation slab is formed by three Ni3Al(111) planes and a 
semielliptical cluster of about 270 atoms centred around the chosen emitter. Non-
structural parameters such as the Debye temperature and the inner potential are obtained 
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from the literature [9,16], while the scattering order, cluster size, maximum angular 
momentum, pathcut, Rehr Alberts approximation order [17] and finite analyzer 
acceptance angle were brought to convergence. The inelastic mean free path inside the 
Ni3Al alloy was obtained with the TPP-2M formula implemented in the code. All phase 
shifts and radial matrix elements are calculated by using the PSRM utility program [15]. 
The overall agreement between simulated and experimental modulation functions is 
quantified by a multispectral reliability factor (R). We adoptes the form defined as a 
normalized summation of the square deviations between the calculated and the 
experimental χ functions [15]:  
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,exp, / χχχχ .    (9.1) 

 
An important point to be discussed is the R-factor analysis, which has been performed in 
order to obtain the best values of the structural parameters. In particular, it is well known 
that the variability of the R-factor is related to the calculation accuracy and to the 
possible existence of different relative minima in the R-factor multi-dimensional surface, 
as a function of both the structural and non-structural parameters. Therefore, a reliability 
test has been introduced in order to evaluate the accuracy in the results obtained by the 
comparison between simulation and experiment. To this purpose, we used the quantity 
var(R) recently introduced [14]. The variance for the minimum value of the R-factor is 
defined as var(R)=Rmin× N/2 , where N is the number of independent features of 
structural information present in the data. For example, in an angular scan N is given by 
the ratio of the complete angular range divided by the characteristic width of the 
diffraction modulations [14]. On the basis of this assumption, any structure which is 
found to have an associated R-factor less than Rmin+var(Rmin) is regarded as falling within 
the simulation error bar. On the basis of the above considerations we determined the 
reliability of our results. 
 
 
9.4 DFT calculations 
 
The calculations are based on first-principles density functional theory within the 
generalized gradient approximation for the exchange and correlation (XC) energy 
functional. In order to take into account the effect of magnetism, we performed spin-
polarized calculations. The Kohn-Sham one-electron orbitals are expanded using plane 
waves up to a 34 Ry cut-off energy. The k-space integrations over the Brillouin Zone are 
performed using a 12 × 12 × 12 Monkhorst-Pack mesh, where each k-point contribution 
is broadened by a Methfessel and Paxton smearing function of order 1 with a width of 
0.012 Ry. 
Ni3Al crystallizes in the cubic L12-type structure with Al atoms at the cubic corners and 
Ni atoms at the face centre positions [18]. From bulk calculations we obtain an 
equilibrium lattice constant of 3.57 Å, which is equal to the experimental value [19]. 
We model the surface with a (2 × 2) unit cell and 7-layer repeated slabs with a vacuum 
region of 10 Å in order to make the inter-slab interactions negligible. Both sides and all 
layers are relaxed except the central layer in the centre of the slab. 
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Ionic forces are the energy derivative with respect to the ions displacement. On the basis 
of this, the geometry was optimized until all components of ionic forces on each atom 
were smaller than 0.001 Ry/bohr and the total energy variation less than 10-6 Ry. The 
numerical accuracy of the structural parameters thus obtained can be estimated to be less 
than 0.005 bohr from the residual forces and bond-stiffness, as estimated from vibrational 
frequencies. The inaccuracy associated to the approximate treatment of exchange and 
correlation is difficult to quantify but since structural properties are usually rather 
insensitive to details in the XC functional we estimate that the overall uncertainty of the 
theoretical structural parameters is below 0.01 Å . 

 

 
Figure 9.2: Plots of modulation function of selected experimental (black) and calculated 
(orange) azimuthal scans. A structural model is also shown in order to define the scanning 
angles. The azimuth was varied experimentally between 12° and 132° and data were 
subsequently replicated. 
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9.3 Results and discussion 
 
In order to obtain the structural parameters of the Ni3Al(111) surface, we initially 
performed azimuthal and polar scans along selected directions. In Fig.s 9.2 and 9.3, the 
experimental χ functions are plotted together with the corresponding best R-factor 
multiple scattering simulation results. The best structural parameters have been obtained 
by comparing experimental and computed χ functions according to the following 
procedure. As a first step we set the structural parameters to the bulk Ni3Al values and 
optimized the non-structural degrees of freedom. Consequently, we let to vary also the 
structure of the slab. On the basis of previous findings [11,20], the nearest-neighbour 
distance within a single (111) plane was assumed to be 2.52 Å, then the distances 
between the outermost three atomic layers were varied minimizing the R-factor. Finally, 
the first layer Al atoms were allowed to move outwards. In our calculations we did not 
consider antisite substitutional defect configurations (Ni or Al) and we always used a 
nominally 3Ni:1Al stoichiometric structure. Since the displacement of the Al atoms in the 
second and deeper layers with respect to Ni atoms in the same planes did not yield 
appreciable variation of the R-factor, we did not include this degree of freedom in the 
optimization of the structural parameters.  
 

 
 
Figure 9.3: Plots of modulation function of selected experimental (black) and calculated 
(orange) polar scans. A structural model is also shown in order to define the scanning angles. 
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In Fig. 9.4 we plot the results of this optimization. In the upper panel (Fig. 9.4a), the R-
factor behaviour as a function of the distance between the first Al and Ni layers is 
depicted. In the bottom panel (b), the 2D contour plot describes the R-factor behaviour as 
a function of the relaxation/contraction of the first two inter-layer distances with respect 
to the bulk value. From this analysis, we get a minimum R-factor of 0.2275, which is 
obtained upon grid sampling of the three-dimensional space (d12;d23;dAl) after 
optimization of the non-structural parameters. The structure with this best R-factor 
exhibits an extrusion of the surface Al atoms (dAl) of 0.15±0.10 Å, while the two terminal 
planes are slightly contracted with respect to the bulk value of 2.055 Å [9]. Indeed, we 
find d12 = 1.99±0.02 Å and d23 = 2.01±0.02 Å, corresponding to a contraction of 3% and 
2%, respectively. 
 

 
 
Figure 9.4:  Plots of the R-factor as a function of the examined structural parameters: (a) R-
factor vs first layer Al atoms extrusion, (b) R-factor versus d12 and d23 distances. The d12 distance 
is calculated with respect to the first layer Ni plane. See text for further details. 
 
 
The upper panel of Fig. 9.5 shows the stereographic projection of the experimental 
mapping of the Ni 2p3/2 photoemission intensity. Due to mechanical constraints, the 
experimental data were limited to the angular range 0°- 80° for θ, and 12°-132° for ϕ and 
then replicated to plot the full projection. We have simulated with the MSCD package the 
intensity in the full hemisphere, using the structural parameters previously determined 
with the R-factor minimization. The result of this calculation, displayed in Fig. 9.5(b) as 
stereographic projection, shows a remarkable agreement with the experimental data of 
Fig. 9.5(a). 
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Figure 9.5: Experimental (top) and calculated (bottom) 2D stereographic plots of the Ni 2p3/2 
intensity as a function of the polar (0-80°) and azimuthal (0-360°) coordinates. The main 
crystallographic directions are also shown. 
 
 
The structural parameters that we obtain from our DFT calculations are in very good 
agreement with the experimental findings as shown in Table 9.1. We obtain a first layer 
buckling with Al atoms displaced by 0.08 Å over the plane of Ni atoms. The Ni-Ni first 
to second layer distance results to be 2.00 Å, i.e. 2.9% contracted with respect to the bulk 
value of 2.06 Å; the second layer Al atoms are 0.02 Å inward displaced with respect to 
the Ni atoms of the same layer, resulting in Al-Al first to second layer distance of 2.11 Å 
(+2.4%). In the third layer the Al atoms are coplanar with the Ni atoms and the second to 
third interlayer spacing  (Ni-Ni distance of 2.05 Å) is contracted by only 0.4%. 
Our experimental and theoretical results are in good agreement with previous studies that 
find an outward displacement of the terminal layer Al atoms with respect to the first layer 
Ni atoms, which are on the contrary inward contracted with respect to the bulk interlayer 
distance (see Table 9.1). However, we get a larger contraction of the first-to-second layer 
distance with respect to the previously published, LEED and SXRD results [9,11], while 
our estimate is in agreement with the most recent DFT calculations [13]. 
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 XPD 
(present work) 

DFT 
(present work) Literature Ref. 

dAl 
+0.15±0.10 +0.08±0.01 +0.06±0.03 

+0.02±0.01 
+0.10 

9 
11 
13 

d1-2-d0 (relaxation) 
-0.07±0.02 -0.06±0.01 -0.01±0.03 

-0.02±0.01* 
-0.08* 

9 
11 
13 

d2-3-d0 (relaxation) -0.04±0.02 -0.01±0.01 -0.04±0.01* 
-0.04* 

11 
13 

 
Table 9.1: Comparison of our results (experimental and theoretical) with the literature data for 
the structural relaxations of the Ni3Al(111) surface layers. (*) Values indicated by an asterisk 
refer to the mean positions of the Al and Ni atoms within a given layer, as reported in [11] and 
[13]. Inter-layer relaxation values are reported with respect to the bulk value d0 = 2.055 Å. 
 
 
For the experimental techniques, the origin of this discrepancy could be due to the fact 
that both LEED and SXRD yield information which is obtained by diffraction processes 
in long-range ordered structures. On the contrary in XPD the diffraction process is local, 
being the reference wave generated by an emitter atom in the sample. Due to this reason, 
the chemical disorder present on the alloy termination, which has been evidenced both by 
XRD and STM [11,12], clearly affects in a different way the results obtained with the 
above techniques. 
The agreement between simulated and experimental structures is good and the best R-
factor obtained is quite low; nevertheless, a better R-factor might have been obtained by 
using a cluster of larger size, in order to allow for more than three Ni3Al layers in the trial 
structures. This goes beyond the MSCD code capabilities due to the exceedingly large 
number of inequivalent atoms required. Due to the absence of a repetition of equivalent 
layers in the simulation (since a single a-b-c stacking has been introduced) the forward 
scattering peak at (θ=0), present in the experimental results of Fig. 9.5(a), has a very low 
intensity in the simulated 2D stereographic plot data. 
By comparing the experimental and simulated χ functions reported in Fig.s 9.2 and 9.3, it 
can be observed that the positions of the diffraction peaks are well reproduced by the 
calculation, while the modulation intensities are slightly amplified with respect to the 
measured data. In the azimuthal scan plots we have shown the normalized χ function, in 
which the simulated diffraction modulation amplitudes are scaled to fit the experimental 
data, so that the agreement in the angular position of the structures is highlighted. On the 
contrary, in Fig. 9.3 we have plotted the absolute χ function for the polar scans, so that 
the discrepancy between the amplitude of the modulations is apparent. 
The above considerations about the reliability of the R-factor analysis (see section 9.3) 
are essential in the case of the buckling effect of the Al atoms, where the poor sensitivity 
of the high kinetic energy photo-emitted electrons to the low Al scattering cross section 
yields only minor changes in the modulation functions when the Al atomic positions are 
changed. 
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Despite this poor sensitivity, our experimental finding combines with our DFT 
calculations, which unambiguously show the outward Al displacement in the first-layer, 
in agreement with analogous results obtained by DFT calculations of the same system 
recently appeared in the literature [13]. 
This seems to be a general rule for L12-A3B(111) surfaces. Indeed it has been suggested 
[21] that the L12-A3B alloy lattice constant should be comparable to the weighted average 
of pure A and B single crystal bulk lattice parameters. Moreover, if the higher 
concentration A element is characterized in the pure substance by a smaller lattice 
constant with respect to the pure B single crystal, the mismatch in the alloy is expected to 
generate a surface strain inducing an outward displacement of the B element. In the case 
of Ni3Al, the pure Al lattice parameter (4.049 Å) [22] is about 15% larger than that of the 
pure Ni crystal (3.524 Å) [22] and, indeed we find an Al outward buckling in the relaxed 
structure. That same behaviour characterizes also other L12-A3B(111) surfaces like 
Cu3Pd and Cu3Au [23] where the outward buckling results to be 0.1 Å and 0.17 Å, 
respectively. LEED experiments have shown that also for the Pt3Sn(111) surface [24] Sn 
atoms are outward relaxed by 0.21 Å, even though the comparison with the previous 
systems is not immediate because the pure Sn does not crystallize in face centred cubic 
but in a tetragonal geometry. 
This work has represented a preliminary study towards the investigation of oxidation 
process in UHV conditions, which produces the formation of a thin well-ordered alumina 
film. The investigation of the oxidation process and the oxide layer structure by means of 
XPD and HR-XPS is actually under progress. Heterogeneous catalysts consist of highly 
dispersed transition metal nanoparticles, which usually represent the catalytic active 
component, over a support material like alumina oxide. In this way it is possible firstly to 
maximize the surface area of the active phase and secondly to exploit the structural and 
electronic effect caused by metal-support interaction, which can furthermore improve the 
catalytic activity or selectivity of the system. Since it is impossible to control a catalyst 
working in real conditions, model systems represented by supported metal particles are 
studied in order to achieve a deep understanding of the role of support as well as the role 
of the different types of sites which characterize the nanoparticles. Thus the next step of 
our work will be the study of under-coordinated TM atoms on alumina, obtained by 
evaporation from pure TM-wire in UHV condition at low temperature (below 50 K) as 
described in the case of TM substrate in chapters 4-6. Our aim will be in this case the 
investigation of the interplay between geometric and electronic structure in determining 
the reactivity properties of the deposited under-coordinated atoms. 
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Conclusions 
 
 
 
The electronic structure of highly under-coordinated Rh and Pt atoms, namely 
adatoms and addimers, on homo-metallic surfaces was probed by combining high 
energy resolution core level photoelectron spectroscopy and density functional theory 
calculations. Of particular interest is that for the first time the spectral contribution of 
atoms at the lowest coordination numbers (n=3, 4 and 5) was detected. Rh3d5/2 and 
Pt4f7/2 core level binding energies corresponding to atoms in different configurations 
were shown to be highly sensitive not only to the local atomic coordination number 
but also to the interatomic bond lengths. These results have been rationalized by 
introducing a new indicator, the effective coordination ne, which includes both 
contributions. The calculated energy centre of the valence d-band density of states, a 
well known descriptor of the surface chemical reactivity, shows a remarkable 
correlation with core level shifts and effective coordination. With the same 
experimental and theoretical approach, Rh under-coordinated atoms and Rh 
pseudomorphic adlayers on Pt(111) surfaces were investigated. Beyond the 
coordination and strain effect, electronic structure modifications in the RhPt 
bimetallic surfaces were explained by introducing and the additional effect caused by 
the hetero-metallic bond interaction. CLSs results suggest an enhancement in the Rh 
reactivity properties when compared to a pure Rh metal. Commercial catalysts usually 
contain complex multicomponent systems consisting of highly dispersed transition 
metal nanoparticles supported on an oxide material like alumina. In order to 
incorporate this aspect into a model catalyst with the surface science technique, TM 
under-coordinated atoms deposited on the alumina surface were also investigated. 
In this step, the structure and growth process of well ordered thin aluminium oxide 
films starting from a Ni3Al(111) surface were examined by means of  X-Ray 
Photoelectron Diffraction and HRCLS. Since this process strongly depends on the 
electronic structure of the substrate, an important starting point is having accurate 
knowledge of the underlying surfaces geometric and electronic structure. This thesis 
also reports studies on the geometric structure of the Ni3Al(111) terminal layers 
performed using XPD technique and DFT calculations. The analysis of the diffraction 
patterns, combined with multiple-scattering simulations, yielded structural 
parameters, which are in good agreement with the ab initio theoretical results. It was 



Chapter 10 - Conclusions 

 138

found a contraction of the terminal inter-layer distances, accompanied by an outward 
relaxation of the first layer Al atoms with respect to the Ni atoms. 
Moreover, under reaction conditions, it can be expected that a nanoparticle will 
undergo restructuring processes induced by the reactant, with a consequent impact on 
the reaction kinetics. Thus, two cases of surface reconstructions, where under-
coordinated atoms are involved, were also studied. 
Firstly, the (1 × 1)→ quasi-hexagonal (HEX) phase transition on a clean Pt(100) 
surface was investigated by monitoring the time evolution of the Pt4f7/2 core level 
photoemission spectra. The spectral component originating from the atoms forming 
the (1 × 1) metastable unreconstructed surface was found to be –570±20 meV with 
respect to the bulk peak. Our ab initio calculations confirmed the experimental 
assignment. At temperatures above 370 K, the (1 × 1) phase irreversibly reverted to 
the more stable HEX phase, characterized by a surface core level shifted component 
at -185±40 meV. By analyzing the intensity evolution of the core level components, 
measured at different temperatures, the activation energy of the phase transformation 
was determined. The (100) surface of Pt represents a formidable example of how the 
same substrate can exhibit completely different reactivity properties with changes in 
surface atomic arrangement: from the more open squared (1 × 1) phase to the 
compressive strained HEX reconstructed phase characterized by lower catalytic 
capabilities.  
Secondly, the oxygen induced reconstruction of the Rh(100) surface resulting in a (2 
× 2)pg geometry at a coverage of 0.5 ML was investigated. The oxygen induced 
Rh3d5/2 CLSs were found to be very sensitive to the local geometrical and chemical 
environment changes. The adsorption geometry changed considerable increasing 
oxygen coverage until inducing surface reconstruction at 0.5 ML. 
In this case, the driving force for reconstruction originates from the strong adsorbate-
substrate interaction. In fact, in order to maximize bond strength, oxygen causes the 
rotation of the squared four-fold adsorption sites and further distortion towards 
rhombus sites. In the final configuration the adspecies is located outside the rhombus 
centre in a quasi three-fold geometry, which allows a reinforcement of the bond with 
Rh substrate atoms. This asymmetric structure involves two inequivalent surface 
atoms denoted Rh1-fold and Rh2-fold which are characterized by considerably different 
CLSs (-185 meV and +140 meV, respectively) and thus also different reactivity 
properties. This considerable surface deformation is highly interesting in the 
understanding of precursor mechanisms in the subsurface oxygen penetration during 
oxidation reactions. 
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